h i g h l i g h t s PTR-TOF-MS was used for real-time full detection of VOCs released from a biomass fire. 132 different organic ions were attributable to VOCs emitted from the fire. Methanol and other 24 VOCs represented~85% of the whole pyrogenic VOC mixture. A strong linear relationship was found between the concentrations of VOCs and CO. Values of ER (and EF) resulted overestimated due to the stable (nocturnal) conditions. a b s t r a c t Combustion of solid and liquid fuels is the largest source of potentially toxic volatile organic compounds (VOCs), which can strongly affect health and the physical and chemical properties of the atmosphere. Among combustion processes, biomass burning is one of the largest at global scale. We used a Proton Transfer Reaction "Time-of-Flight" Mass Spectrometer (PTR-TOF-MS), which couples high sensitivity with high mass resolution, for real-time detection of multiple VOCs emitted by burned hay and straw in a barn located near our measuring station. We detected 132 different organic ions directly attributable to VOCs emitted from the fire. Methanol, acetaldehyde, acetone, methyl vinyl ether (MVE), acetic acid and glycolaldehyde dominated the VOC mixture composition. The time-course of the 25 most abundant VOCs, representing~85% of the whole mixture of VOCs, was associated with that of carbon monoxide (CO), carbon dioxide (CO 2 ) and methane (CH 4 ) emissions. The strong linear relationship between the concentrations of pyrogenic VOC and of a reference species (i.e. CO) allowed us to compile a list of emission ratios (ERs) and emission factors (EFs), but values of ER (and EF) were overestimated due to the limited mixing of the gases under the stable (non-turbulent) nocturnal conditions. In addition to the 25 most abundant VOCs, chemical formula and concentrations of the residual, less abundant VOCs in the emitted mixture were also estimated by PTR-TOF-MS. Furthermore, the evolution of the complex combustion process was described on the basis of the diverse types of pyrogenic gases recorded.
Introduction
Combustion of solid and liquid fuels is the most abundant global source of volatiles organic compounds (VOCs) on earth (Seiler and Crutzen, 1980) . In particular, emission of pyrogenic VOCs, such as olefins and aldehydes represents a considerable source of photochemically reactive gases, which directly influence the chemical composition of the atmosphere at a global scale (Crutzen and Andreae, 1990) . Moreover, other VOCs, such as benzene, 1,3butadiene, styrene and formaldehyde, are potentially toxic and can affect the health of the human population (EPA, 2002) . Pyrogenic VOCs are among the most complex mixtures of trace gases when generated by open-air biomass burning events because these processes occur suddenly under uncontrolled conditions of the airefuel ratio. Moreover, projected global warming will likely intensify risks and frequencies of such uncontrolled burning events over enlarged areas (Miranda et al., 1994; Stocks et al., 1998; Field et al., 2009) .
During the last decades, VOCs produced by combustion processes have been identified and quantified in laboratory experiments (Yokelson et al., 1996; Christian et al., 2003) , as well as in field studies (Lacaux et al., 1995; Andreae et al., 1996; Fishman et al., 1996; Kaufman et al., 1998) by high-resolution capillary column gas chromatography combined with mass spectrometry (HRGC-MS). The HRGC-MS method is typically used for air samples that have been enriched on adsorption traps in which VOCs are concentrated before being injected into the capillary column by thermal desorption (Radke et al., 1978; Crutzen et al., 1979; Ciccioli et al., 2002) . Although this laborious analytical method has been useful to compile lists of VOCs emitted from various sources of biomass burning (Ciccioli et al., 2001) , it is time-consuming and does not allow real-time detection, thus being unable to always follow the complex dynamics of VOC emissions during fires.
Real-time detection of VOCs through Proton Transfer Reaction Mass Spectrometry (PTR-MS) has been developed to analyze VOCs released from various sources (Lindinger et al., 1998) , including combustion of biomass (Holzinger et al., 1999; de Gouw et al., 2006; Karl et al., 2007; Yuan et al., 2010; Yokelson et al., 2013a) . PTR-MS analysis performed with a quadrupole mass detector (PTR-QMS) offers an excellent time resolution, but does not allow to distinguish isobaric compounds and has a poor sensitivity for semivolatile compounds .
Very recently, a new PTR-"Time-of-Flight"-mass spectrometer (PTR-TOF-MS) has enhanced complete and instantaneous detection of highly resolved mass spectra of VOCs, also allowing unambiguous identification of isobaric compounds through sum formula information Brilli et al., 2011) . For these reasons, PTR-TOF-MS has been successfully applied to standstill eddy covariance measurements of VOC fluxes from various ecosystems Kaser et al., 2013; Brilli et al., 2014) .
During the night of 13e14 June 2012, an accidental fire burnt a barn located 200 m far from the study site. The presence of a fire in the vicinity of a measuring station equipped to monitor atmospheric turbulence conditions together with concentrations of key combustion products released during a fire, such as CO 2 , CO, CH 4 , water vapor and VOCs offered an unprecedented case study to test performances of the PTR-TOF-MS system for a novel type of application.
We present here the first PTR-TOF-MS identification of pyrogenic VOC released during the combustion of biomass material. In particular, this study is one of the very few measurements of nighttime smoke chemistry developing under (non-turbulent) slow mixing conditions.
Materials and methods

Experimental site description
The PopFull experimental bio-energy poplar plantation (http:// webh01.ua.ac.be/popfull/) is located in Lochristi (51 04 0 44 00 N, 3 51 0 02 00 E) (Belgium) at an elevation of 6 m a.s.l. in a complete flat terrain. The barn where the fire sprang contained only drying hay and straw, and was located just next to the plantation, about 200 m South of our measuring station (Appendix A).
The site was equipped with two complete and independent monitoring systems for eddy covariance: one for greenhouse gases (GHG) and another for VOC flux measurements . A PTR-TOF-MS (Ionicon, Innsbruck, Austria) was deployed to measure ambient concentrations of VOCs, and different analyzers were installed to monitor the ambient concentrations of the most important GHG (CO 2 , CH 4 , water vapor) as shown below. Simultaneously, the three wind components and temperature were recorded with a three-axial sonic anemometer (Model CSAT3, Campbell Scientific, Logan, UT, USA). More details about this study site are given by Zona et al. (2013a Zona et al. ( , 2013b 
PTR-TOF-MS instrumental setup
Proton Transfer Reaction "Time-of-Flight" Mass Spectrometer (PTR-TOF-MS) (Ionicon, Innsbruck, Austria) is composed of an ion source coupled with a drift tube and a high mass resolution, orthogonal acceleration, reflectron time-of-flight mass spectrometer TOF-MS (Tofwerk AG, Switzerland) Jordan et al., 2009) . VOCs are detected in real-time through proton transfer reactions occurring between the H 3 O þ ions produced within the ion source and the sample gas inserted into the drift tube. The drift tube is kept under controlled conditions of pressure (2.3 mbar), temperature (50 C) and voltage (600 V) resulting in a field density ratio (E/N) of z130 Td (E being the electric field strength and N the gas number density; 1 Td ¼ 10 À17 V cm 2 ). After a performed proton transfer reaction, protonated ions are extracted from the drift tube and pulsed every 30 ms to the orthogonal timeof-flight region to be separated according to their m/z ratio in the time-of-flight before being detected in conjunction with a multichannel-plate (MCP) and a time-to-digital converter (TDC) (Burle Industries Inc., Lancaster, PA, USA). Ambient air was drawn with an external pump at a constant flow rate of~20 sl min À1 (standard liter per minute; air volume normalized to standard temperature and pressure conditions: 273 K, 101.3 kPa) through a 40 C heated PFA Teflon sampling line placed 2.5 m above the soil surface (Zona et al., 2013a) and injected into the PTR-TOF-MS .
PTR-TOF-MS data analysis and data reduction
Raw 10 Hz time series of high resolved full mass spectra ranging between 1 and 315 m/z were continuously acquired by the TofDaq software (Tofwerk AG, Switzerland) and stored in hdf5 file format in 6-min time periods (http://www.hdfgroup.org/). After acquisition, each file was post-processed by the routine programs of a software designated for PTR-TOF-MS data analysis . This allowed an accurate mass scale calibration and peak detection through peak shape analysis, iterative residual peak analysis to detect multiple isobaric peaks per unit m/z, and quantification of the fitted peak areas corresponding to ion signal intensities based on the 6-min sum spectra. In addition, this software performs post-analysis quality assurance checks of the whole outcome produced.
The mass scale accuracy of all the recorded spectra was calibrated both by exploiting two well-defined PTR-TOF-MS background ion peaks (m/z ¼ 21.022 and m/z ¼ 39.033 corresponding to H 3 O 18þ and H 2 OeH 3 O 18þ , respectively), and by inserting 1,2,3 trichlorobenzene (m/z ¼ 180.937) continuously into the sample inlet system through a diffusive cell (Müller et al., , 2012 . The sum formula of the detected ion signals was derived from the exact mass to charge ratio (m/z) in the PTR-TOF-MS post-processed data by making use of a molecular formula calculator (Patiny and Borel, 2013) . All the post-processed 10-Hz ion signal intensities were further reduced to 1-min time resolution through the Matlab R2012b block averaging function (The MathWorks Inc., Natick, MA, USA).
A total of 335 significant mass peaks were identified by the analytical software of . These include primary ions (e.g.
, their natural isotopes, and impurities produced by the PTR-TOF-MS itself (e.g. O 2 þ , NO þ , NH 3 þ ). Methanol is the most abundant VOC ubiquitously released in biomass burning (Andreae and Merlet, 2001; Akagi et al., 2011; Yokelson et al., 2013a) . Thus, we distinguished the pyrogenic VOC (i.e. those released by the same source as methanol) among the total significant mass peaks detected by estimating the coefficient of determination (R 2 ) between the (1-min resolution) time-series intensities of each mass peak and those of methanol (m/z 33.033) recorded during the fire. As a result, we found 134 mass peaks with a relatively poor coefficient of determination (R 2 ) with methanol <0.5, 49 mass peaks with intermediate correlation (0.5 < R 2 < 0.8),
and 132 mass peaks with a high correlation (R 2 > 0.8). Therefore, only the 132 mass peaks exhibiting a high value of R 2 (>0.8) were identified as having a pyrogenic origin and considered for further analysis.
Determination of VOC concentrations
Theoretical absolute concentrations of VOCs were determined from PTR-TOF-MS measurements via the first order kinetic reaction (Lindinger et al., 1998) after applying the correction for the effect of the duty cycle as proposed by Cappellin et al. (2012) . (de Gouw et al., 2003; Tani et al., 2003) ; k is the reaction rate coefficient between VOC and H 3 O þ according to the tabulation provided by Cappellin et al. (2012) . When a k for a specific VOC was not available, a standard value of 2*10 À9 cm 3 s À1 was used. The background signal of the PTR-TOF-MS was quantified via an automated system of switching valves that introduced VOC-free air, generated by a commercially available gas calibration unit (Ionicon, Innsbruck, Austria) for 6 min every 6 h and the resulting average value was subtracted from all the previously recorded data. Limits of detection (LOD) were calculated according to LOD ¼ 2 * standard deviation background /sensitivity (Karl et al., 2007) .
VOC calibration
Direct calibration of VOC was performed by measuring the signal intensities of a multi-component gas standard containing: methanol, acetaldehyde, acetone, isoprene, methyl vinyl ketone, benzene and toluene (Apel Riemer, USA). All these VOC were diluted through a commercially available gas calibration unit (Ionicon, Innsbruck, Austria) by adding VOC-free air having the same relative humidity than the ambient air. This mixture was accurately prepared by means of mass flow controllers (Bronkhorst, Ruurlo, Netherlands) to reach concentration levels in the low (1e20) ppbv range . Good agreement was achieved between VOC concentrations estimated from direct PTR-TOF-MS measurements and the theoretical absolute VOC concentrations of the standard gases determined as described above in 2.3.2 (Appendix B).
Excess mixing ratios (DX), emission ratios (ER) and emission factors (EF)
Background values (Bkgd) for both a trace gas X and a reference gas (CO) were calculated as the average of their respective ambient concentrations measured at a similar time (from 01:30 h to 04:00 h) from three days prior-to three days after-the occurrence of the accidental fire.
Excess mixing ratios (DX) were calculated as the difference between the actual mixing ratio of a gas X in the plume and the respective background value of the same gas X (Yokelson et al., 1999) .
Emission ratios (ER) were determined by subtracting the background average value from the excess mixing ratio of both a trace gas X and a simultaneously measured reference gas (i.e. CO), then calculating a slope by forcing the fit of the resulting excess mixing values to zero (Yokelson et al., 1999) .
Emission factors (EF) for a trace gas X were calculated using the carbon mass balance method (Ward and Radke, 1993) described in details by Yokelson et al. (1999) .
where F c is the mass fraction of carbon in the fuel (assumed to be 500 g C kg À1 fuel; Susott et al., 1996; Yokelson et al., 1999) , MM x is the molecular mass of the trace gas [x], MM c is the molecular mass of carbon (12.011 g mol À1 ), and C x is the number of emitted moles for a trace gas [x], divided by (C T ) the total number of moles of carbon emitted.
Results and discussion
Meteorological conditions and dispersion of biomass burning emissions
According to the information provided by a local newspaper (http://www.nieuwsblad.be/article/detail.aspx? articleid¼DMF20120614_010&pid¼1750687), the fire started at ca 22:00 h in the night between 13 and 14 June, 2012 in a barn where only drying hay and straw were stored.
Turbulence data collected at the measuring station indicated that during the night advection remained very small, with weak horizontal winds of~0.2e0.4 m s À1 , never exceeding 1 m s À1 (Fig. 1a) . Moreover, the low values of friction velocity (u* <0.3 m s À1 ) indicated that stable layers developed over the experimental site ( Fig. 1b ). Turbulence data also showed that the heat released by the fire only slightly affected the stability conditions existing at the experimental site. Indeed at ca 23:00 h, u* values increased only from ca. 0 to~0.03 m s À1 (T1 e Fig. 1b ) and while changes in CO 2 and CH 4 concentrations were detected, only an increase in acrolein excess mixing ratio was measured (Figs. 1d; 4h) . This small turbulence event (T1 e Fig. 1b ) was undoubtedly associated with the fire because the excess mixing ratio of CO 2 (DCO 2 ) and methane CH 4 (DCH 4 ) ( Fig. 2a, b ), three gases that are always very abundant in biomass burning (Andreae and Merlet, 2001) , increased. Two subsequent turbulence events (T2 and T3 e Fig. 1b ) disturbed the stable nighttime meteorological conditions, as indicated by the u* values, which first quickly spiked from~0.02 to~0.05 m s À1 at ca 02:00 h (T2 e Fig. 1b) , and then increased continuously from~0.03 to~0.12 m s À1 between 03:00 h and 04:00 h (T3 e Fig. 1b ). In both these turbulence events (T2 and T3 e Fig. 1b ), pyrogenic VOC originating from the fire reached the measuring station, together with CO, CO 2 and CH 4 (Figs. 2c, d and 3). After 04:00 h, temperature, turbulence and gas concentrations slowly approached to the pre-fire values (Fig. 1 ).
Since the flame was certainly extinguished by the firefighters at the time when VOCs reached the measuring station, VOCs dispersion mainly reflected the way the fire affected the stable nocturnal boundary layers over the burning barn and the experimental site. During the early flaming phase, high temperature gradients produced by the fire generated a strong turbulence above the burning barn. As a consequence, the stratified boundary layers were disrupted by the turbulent regime near the flame, developing a plume that transported the bulk of emission far above the measuring station through the so-called chimney (or stack effect) described by Slawson and Csanady (1971) . Because of the low mixing occurring between the developing fire plume and the bottom layers, only the fraction of pyrogenic gases emitted at the base of the fire reached the measuring station, mainly by diffusion-advection within the bottom layer through three weak and sporadic turbulent events (T1, T2 and T3 e Fig  1b) . Moreover, since the emission of pyrogenic gases continued long after the flame was extinguished, VOC concentration and arrival at the measuring station mainly were determined by the height of the mixing layers over the burning area and the measuring station, by the level of turbulence and by the volatility of pyrogenic VOC.
The bulk of the fire emission was detected after the flaming had ceased ( Figs. 1 and 2) . These pyrogenic gases were released during the late smoldering phase of combustion, characterized by a high CO content ( Fig. 1c, d ). They were also associated with a high release of water vapor mostly coming from the evaporation of the water used to extinguish the flame (Fig. 1d ). This finding was indirectly confirmed by both lack of changes in temperature ( Fig. 1c ) and water vapor increases in the air (Fig. 1c, d ), which typically occur during early distillation and flaming phases of combustion (Greenberg et al., 2006) .
PTR-TOF-MS analysis of VOC from combustion
The development of the plume above the measuring station avoided both saturation of PTR-TOF-MS detection and heavy soot deposition within the sampling line, thus allowing simultaneous monitoring of the variation of a multitude of protonated organic ions originating from the combustion of biomass (T1, T2, and T3 e Fig. 1b ).
Among the 132 protonated organic ions selected from a total of 335 mass peaks found after post-processing of the full time series between 22:00 h (June, 13) and 04:00 h (June, 14), 25 ions were unambiguously related to the biomass burning (Andreae and Merlet, 2001; Koppmann et al., 2005) . These 25 VOCs represented the vast majority (~85%) of the whole mixture of VOC emitted during the accidental fire (Table 1) . Consistent with previous studies (Goode et al., 2000; Christian et al., 2003; Yokelson et al., 2003) , oxygenated VOC, such as methanol (m/z ¼ 33.033), acetaldehyde (m/z ¼ 45.033), acetone and MVE (m/z ¼ 59.049), acetic acid and glycolaldehyde (m/z ¼ 61.028), hydroxyl-2-propanone (acetol) (m/z ¼ 75.043) and 2-butanone (MEK) (m/z ¼ 73.063), dominated the pyrogenic VOC emissions (Table 1 ). In addition, realtime detection of the entire mass spectrum by PTR-TOF-MS enabled us to analyze the complex mixture of less abundant pyrogenic VOCs, comprising 107 different protonated organic ions ( Table 2) . As shown in previous PTR-TOF-MS analysis Fig. 3 . Relationships between the volume mixing ratio (ppbv) of methanol (m/ z ¼ 33.033) and the volume mixing ratio (ppmv) of: CO (a), CH 4 (b), CO 2 (c), recorded on June 14 from 1:30 AM to 4:00 AM. In every single superimposed panel, R 2 represents the correlation coefficient (p < 0.01). (Table 2) . However, the PTR-TOF-MS high mass resolution overall improved the detection of pyrogenic VOCs with respect to previous investigations with traditional quadrupole PTR-MS (Holzinger et al., 2005; Karl et al., 2007; Yokelson et al., 2013a ). An alcohol fragment (C 2 H 2 OeH þ , m/z ¼ 43. 
Excess mixing ratios (DX)
The 1-min resolved time-course of methanol (the most abundant VOC detected by PTR-TOF-MS) had a strong linear relationship with that of both CO (R 2 ¼ 0.95) ( Fig. 3a) and CH 4 (R 2 ¼ 0.43) (Fig. 3b) , two gases that are also produced in a large amount during fires (Andreae and Merlet, 2001; Koppmann et al., 2005) . Consistent with Friedli et al. (2001) , correlation analysis clearly indicated that pyrogenic VOCs (together with CO and CH 4 ) were released from a common source during the smoldering phase of combustion (Appendix C), when most of the CO, CH 4 and VOC are produced (Akagi et al., 2011) . In particular, the enhanced excess mixing ratios of both acetonitrile (m/z ¼ 42.034) ( Fig. 4d ) and hydrogen cyanide (m/z ¼ 28.021) ( Fig. 4a ) unambiguously demonstrated the source of VOC in this study to be a biomass fire (Li et al., 2000; de Gouw et al., 2003; Yuan et al., 2010) .
The strong linear relationship between the concentrations of methanol and that of CO validated the concurrent emission of other pyrogenic VOC (Tables 1 and 2) . However, the excess mixing ratios (DX) of the 25 most abundant VOCs (Table 1) varied significantly during the three turbulent events (T1, T2 and T3 e Fig. 4) . Acrolein was the only VOC showing an enhanced excess mixing ratio (DX) during the T1 event ( Fig. 4h) , which was associated with the increase in DCO 2 and in DCH 4 ( Fig. 2a, b) . Indeed, acrolein is the simplest (and lightest) unsaturated aldehyde formed during the early flaming stages of combustion of organic materials, and, together with formaldehyde, is involved in the acute toxicity of smoke, being a powerful mucosal irritant (Dost, 1991) .
The following turbulence event, occurring at ca 02:00 h (T2 e Fig. 1b ), increased the excess mixing ratio (DX) of the three major oxygenated compounds: methanol (Fig. 1d) , acetaldehyde ( Fig. 4g ) and acetone (Fig. 4j ). Propadiene (Fig. 4c) , acetonitrile ( Fig. 4d) , formaldehyde (Fig. 4b) , acetol (Fig. 4q) , furfural (Fig. 4w) , toluene ( Fig. 4v ) and hydrogen cyanide (Fig. 4a ) also increased with these three major pyrogenic VOC. The impact of the last turbulence event (T3 e Fig. 1b ) was greater e more severe and more prolonged e than that in the previous event (T2 e Fig. 1b) . Moreover, the last turbulence event (T3 e Fig. 1b) induced an increase in the excess mixing ratio of certain pyrogenic VOC which was not observed in the previous events (T1 and T2 e Fig. 1b) , including an alcohol fragment (Fig. 4e ), 1.3 pentadiene (Fig. 4u ), methyl furans (Fig. 4s) , butane (Fig. 4i) , cyclopentanone ( Fig. 4t ) and benzene (Fig. 4r) . However, the excess mixing ratio (DX) of 2,3 butanedione ( Fig. 4u) , acetamide (Fig. 4k) , MEK (Fig. 4p ) and pxylene ( Fig. 4z) , acetic acid and glycolaldehyde (Fig. 4l) , furan ( Fig. 4m) , MVE (Fig. 4o) , and propylene (Fig. 4f) were similarly Table 1 Measured mass weight, difference between measured and exact ion mass, empirical formula and VOC assignment of emissions representing~85% of the whole mixture of pyrogenic VOC detected on June 14, from 01:30 h to 04:00 h. Measurements statistics (R 2 representing the coefficient of determination of the linear relationship between the volume mixing ratio of methanol and the one of a selected VOC), mean concentration (ppbv), values of 95th-and 5th-percentile and limit of detection (LOD) of each VOC are also shown. Measured mass weight, difference between measured and exact ion mass, empirical formula and VOC assignment of emissions representing the residual~15% of the whole mixture of pyrogenic VOC detected on June 14, from 01:30 h to 04:00 h. Measurements statistics (R 2 representing the coefficient of determination of the linear relationship between the volume mixing ratio of methanol and the one of a selected VOC), mean concentration (ppbv), values of 95th-and 5th-percentile and limit of detection (LOD) of each VOC are also shown. When more than one likely compounds was found for the same empirical formula, only three results were considered (followed by suspension points).
enhanced by the two late turbulence events (T2 and T3 e Fig. 1b ).
In conclusion, the evolution of the complex combustion process could be elucidated by the diverse type of pyrogenic-gases emitted during the three consecutive turbulence events recorded (T1, T2, and T3 e Figs. 1b, d and 4) . Our data showed that in T1 only pyrogenic gases mainly released at the base of the fire during the flaming phase (such as CO 2 and CH 4 together with acrolein) were detected (Figs. 1b, d and 4h) . However, the bulk of pyrogenic-VOC emission was likely transported away from the measuring station by the turbulent regime that disrupted the stratified boundary layers near the flame. Among the pyrogenic-VOCs detected in T2 and T3 after the fire was extinguished, the more volatile compounds such as hydrogen cyanide ( Fig. 4a ) and formaldehyde (Fig. 4b) , as well as the low molecular weight (light) oxygenated-VOC (methanol, acetaldehyde, acetone e Figs. 2d and 4g , j, respectively) arrived earlier at the measuring station. Higher concentrations of those pyrogenic-VOC were recorded in T2 at~02:00 h than in T3 from 03:00 h to 04:00 h. Differently, high molecular weight (heavy) pyrogenic-VOCs such as furans (i.e. furans, methyl furans), aromatics (i.e. benzene, xylene), cyclic compounds (i.e. cyclopentanone) and ketones (i.e. MVE, MEK) moved more slowly, either reaching the station with higher concentrations in T3 than in T2 (Fig. 4l, m, o, z) or being detected only in T3 (Fig. 4i, r, s, t) Finally, two protonated organic ions with low molecular weight (m/z ¼ 43.018 and m/z 57.071) were only detected in T3 (Fig. 4e, i) , being fragments of the heavy pyrogenic-VOC hexyl acetate (m/z ¼ 143.107) (Fall et al., 1999) .
Emission ratios (ERs) and emission factors (EFs)
Emission ratios (ERs) and emission factors (EFs) were also calculated for the 25 unambiguously identified pyrogenic VOCs (Table 3 ; Appendix C). CO was selected as a reference gas because it is emitted predominantly during smoldering combustion (Andreae and Merlet, 2001; Akagi et al., 2011) and therefore allowed a more reliable estimation of ER. Moreover in this specific fire event, CO 2 was not a good tracer of the fire (Fig. 3c ) because its emission occurred mostly during the early flaming phase and small increases in concentrations associated with the emission of pyrogenic VOCs were masked by the high CO 2 background (449 ± 29 ppmv) (Table 3) . Indeed, CO 2 was abundantly released from the actively growing vegetation through nighttime respiration (Zona et al., 2013b; Brilli et al., 2014) and from the soil (Verlinden et al., 2013) . The CO 2 emission rates, together with the shallow stable nighttime inversion layer, contributed to the very high nighttime concentrations of CO 2 (Fig 1d) .
Consistent with numerous previous experiments (Andreae and Merlet, 2001; Akagi et al., 2011) , this study reports the highest ER to the reference CO gas for CO 2 (4527 10 3 ppbv ppmv À1 ) and CH 4 (32.43 10 3 ppbv ppmv À1 ) (Table 3) . However, almost all the ER (and EF) values estimated for the pyrogenic VOC listed in Table 3 were higher than those reported in literature Greenberg et al., 2006; Akagi et al., 2011) . Although high ER for the main oxygenated VOC have already been reported in aged plumes where secondary oxidation processes dominated over primary emission (Holzinger et al., 2005; Jost et al., 2003) , this explanation does not apply to our case due to the lack of eOH radicals and ozone at night. Possibly, the high emission of oxygenated VOC in our study was the result of the large amount of water added by the firefighters when attempting to extinguish the fire, which partially cooled the biomass and thereby may have limited the emission of semi-volatiles from the fire.
Another reason for such differences could be that previous ER (and EF) estimates from biomass burning typically relied on airborne sampling of emissions lofted by convection under good (well-mixed) conditions of turbulence, which are very different from the ground-based low mixing conditions of the boundary layer where the measuring station was located in our experiment . Although a strong linear relationship was found between concentrations of CO and VOCs (Table 1 ; Fig. 3a ), this was not sufficient to overcome the distortion of ERs (and EFs) associated with the limiting mixing of the gases in our study (Yokelson et al., 2013b) . In fact, as the plume developed in turbulent conditions above the boundary layer, the air entrapped within the stable boundary layer became enriched with pyrogenic gases that were not immediately lifted by convection. Because of this effect, the excess mixing ratios (DX) detected at the measuring station were different from those existing over the source generating the pyrogenic emissions. This explains why in our case the ER (and EF) values were higher with respect to those obtained by measuring the gas concentrations inside turbulent fire plumes (Yokelson et al., 2013b) . Indeed, changes in the composition of background air, associated either to a pyrogenic gas (i.e. VOC) or to a reference species (i.e. CO), may have caused the very high ER (and EF) observed in our study, with respect to those reported in literature (Yokelson et al., 2013b) .
Conclusions
The occurrence of a fire in a barn near our measuring station allowed us to apply for the first time the novel PTR-TOF-MS technology for the detection of pyrogenic VOC released from combustion of biomass. PTR-TOF-MS accurate and real-time mass weight identification allowed us to separate isobaric compounds having the same nominal mass but different exact mass weight. We were also able to confirm and precisely estimate the prevailing contribution (~85%) of methanol and other oxygenated VOCs (acetaldehyde, acetone and MVE, acetic acid and glycoaldehyde) to the whole pyrogenic VOC mixture, as well as to detect the residual minor fraction of pyrogenic VOCs comprising potentially toxic compounds (i.e. styrene). However, we could not overcome completely uncertainties associated with the identification of different VOC based only on their exact mass weight. Therefore, analysis of fire plumes by coupling PTR-TOF-MS with other analytical techniques, such as gas chromatography (GC) is still needed.
In addition, this study demonstrated that values of ER (and EF) may be overestimated because of the limited mixing of the gases occurring under stable (nocturnal) conditions, despite a strong linear relationship being measured between the concentrations of pyrogenic VOCs and of a reference species (i.e. CO). 
